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distribution	 of	 species	 with	 sufficient	 accuracy	 to	 enable	 pre-
dictions	of	 the	 future	effects	of	 climate	change	 (Kearney,	Shine,	
&	 Porter,	 2009;	 Porter	 &	 Kearney,	 2009;	Williams,	 Shoo,	 Isaac,	
Hoffmann,	 &	 Langham,	 2008).	 Recent	 advances	 have	 empha-
sized	organismal	 traits,	 such	as	 the	 thermal	dependence	of	pop-
ulation	 growth	 rate,	 as	 the	mechanistic	 basis	 for	 understanding	
how	 changing	 environmental	 conditions	may	 determine	 the	 vul-
nerability	 of	 populations	 (particularly	 ectotherm	 populations)	 to	
extinction	(Dell,	Pawar,	&	Savage,	2013;	Kearney	&	Porter,	2009;	
Kearney	et	al.,	2009;	Litchman	&	Klausmeier,	2008;	Sinervo	et	al.,	
2010).	 However,	 while	 thermal	 performance	 traits	 are	 usually	
assessed	 in	controlled	 laboratory	conditions,	performance	 in	na-
ture	is	mediated	by	the	ability	of	ectothermic	organisms	to	man-
age	 their	 body	 temperature	 behaviorally	 (Buckley,	 Ehrenberger,	
&	 Angilletta,	 2015;	 Long	 et	 al.,	 2014;	 Porter	 &	 Gates,	 1969).	 In	
addition	 to	 the	 physiological	mechanisms	 used	 to	 heat	 and	 cool	
their	bodies	 (Holland,	Brill,	Chang,	Sibert,	&	Fournier,	1992),	 ec-
totherms	 regulate	 their	 body	 temperature	 through	microhabitat	
choice	 (Huey,	 1974;	 Logan,	 Huynh,	 Precious,	 &	 Calsbeek,	 2013;	
Porter,	Mitchell,	 Beckman,	&	DeWitt,	 1973;	 Scheffers,	 Edwards,	
Diesmos,	Williams,	&	Evans,	2014;	Scheffers,	Evans,	Williams,	&	






these	 costs	 are	 strongly	 dependent	 on	 the	 spatial	 structure	 of	
the	 thermal	 environment	 (Huang,	 Porter,	Ming‐Chung,	 &	 Chiou,	
2014;	Pincebourde,	Murdock,	Vickers,	&	Sears,	2016;	Sears	et	al.,	
2016)	and	have	been	refined	by	recent	advances	in	the	resolution	







havior	 to	mediate	 fitness,	animal	behavior	has	been	excluded	 from	
many	recent	broad‐scale	climate‐impact	projections	(Deutsch	et	al.,	
2008;	Thomas,	Kremer,	Klausmeier,	&	Litchman,	2012;	Vasseur	et	al.,	
2014),	which	 generates	 several	 potential	 sources	 of	 potential	 bias.	
First,	assuming	movement	behavior	is	adaptive	(i.e.,	that	it	increases	
physiological	performance)	forecasts	ignoring	behavior	will	generally	




of	 organisms	 to	 behaviorally	 thermoregulate	 currently	 enables	 the	
persistence	of	populations	in	environments	that	would	otherwise	ex-
ceed	physiological	limits	(Sunday	et	al.,	2016),	and	is	predicted	to	be	





















&	Kearney,	 2009;	 Shine	&	Kearney,	 2001;	 Sunday	 et	 al.,	 2016)	 or	
properties	of	the	environment	(e.g.,	the	available	and	configuration	
of	preferred	thermal	habitat,	or	the	modal	environmental	tempera-
ture)	 impact	 the	 costs	 of	 behavioral	 thermoregulation	 and	 ulti-
mately	fitness	(Huey	&	Slatkin,	1976;	Logan,	Fernandez,	&	Calsbeek,	
2015;	Logan	et	al.,	2013;	Martin	&	Huey,	2008;	Sears	et	al.,	2016,	
2011),	 little	 emphasis	 has	 been	 placed	 on	 understanding	 how	 the	
existing	relationship	between	thermal	characteristics	may	influence	
the	 costs	 associated	with	 behavioral	 thermoregulation.	 Yet,	 these	
relationships	 (e.g.,	 the	 existence	 of	 a	 correlation	 between	 spatial	
heterogeneity	 and	 mean	 temperature)	 define	 the	 conditions	 over	
which	costs	and	benefits	of	thermoregulation	will	be	realized	during	









nature.	Our	approach	 is	not	 intended	 to	displace	 the	 important	and	














eses	about	 the	change	 in	 spatial	microclimate	variation	with	climate	
change.	Collectively	our	results	indicate	that	the	relationship	between	
the	mean	temperature,	the	costs	of	behavioral	thermoregulation,	and	
the	 structure	 of	microclimatic	 variation,	 should	 be	 a	 focal	 consider-
ation	in	ongoing	climate	change	research.
2  | THEORETIC AL FR AME WORK
Our	 framework	predicts	 field	performance,	which	we	define	as	 the	
time‐average	 realized	 value	 of	 the	 aggregate	 of	 vital	 physiologi-
cal	 processes	 affecting	 an	 individual	 in	 a	 spatiotemporally	 variable	
environment.	We	use	the	term	“field	performance”	instead	of	“fitness”	


















F I G U R E  1   	A	framework	for	estimating	the	performance	consequences	of	behavioral	thermoregulation	in	warming	environments.	 
(a)	A	thermal	environment,	blue	c,	represents	cool	conditions	(top	left).	Warmed	environments	(red	w)	have	increased	mean	temperatures,	 
 ,	and	relative	to	cool	conditions,	are	otherwise	identical	(top	right),	have	increased	spatial	heterogeneity	(bottom	left),	or	have	increased	







.	The	cost	of	altering	body	temperature	is	defined	by	a	cost	function	C: blue curve in 
(b)	represents	the	cost	function	for	the	cool	environment	and	red	curve	in	(c)	represents	the	cost	function	for	a	hypothetical	warmed	
environment	that	has	reduced	costs	of	behavioral	thermoregulation.	The	predicted	P and Tb	for	a	given	 	is	calculated	as	the	temperature	
that	maximizes	P given B and C



























altering	body	temperature	from	the	 initial	condition,	 ,	 is	given	by	




We	 assume	 that	 benefits	 arise	 via	 locomotion	 to	 a	more	 favorable	










temperature	 of	 the	 environment.	 For	 behavioral	 thermoregulation,	
energetic	costs	can	be	influenced	by	the	distribution	and	spatial	con-














tion	 to	 represent	 a	 high	 cost	 of	 thermoregulation,	 whereas	 low	
values	generate	a	flatter	function	to	represent	a	low	cost	(Figure	
1b blue line = high β; Figure 1c red line = low β).	Our	simulations	of	
the	 energetic	 costs	 of	 movement	 by	 organisms	 using	 different	




sociated	 with	 locating	 favorable	 microhabitats	 (Figures	 S1–S7).	
We	assume	a	 linear	 relationship	between	 the	 energetic	 costs	 of	
movement	and	the	other	environmental	and	ecological	attributes	
that	will	influence	movement	(e.g.,	threats	experienced	from	pred-
ators;	Waldschmidt,	 Jones,	&	Porter,	 1986).	However,	 ecological	





























































ture	 in	 the	 field	 approaches	 the	 maximum	 value	 defined	 by	 the	
thermal	 performance	 curve,	 regardless	 of	 mean	 environmental	
temperature.	Alternatively,	when	the	costs	of	thermoregulation	are	




















of	 thermoregulatory	 behavior	 (Huey,	 1974;	 Sears	 &	 Angilletta,	
2015;	Figure	S1).	Without	loss	of	generality,	we	subsequently	ex-
amine	 scenarios	 where	 an	 increase	 in	 the	 mean	 temperature	 of	
the	landscape	 	is	coupled	either	to	a	decrease,	an	increase,	or	no	
change	in	the	costs	of	thermoregulatory	behavior.
3  | MATERIAL S AND METHODS
3.1 | Mathematical model and analysis of global 
insect database





































We	 instead	 employed	 a	 set	 of	 nine	 cost	 scenarios	 that	 arise	 from	
crossing	three	assumptions	about	the	basal	cost	of	thermoregulation	







Estimates	 of	 performance	 for	 a	 hypothetical	 organism	 were	
determined	based	on	a	benefit	function	defined	by	w(Tb)	=	a	×	ex
p	(b × Tb)	−	[c + d	×	exp	(e × Tb)]	(Thomas	et	al.,	2017),	and	by	pre-
viously	described	 thermal	 fitness	 curves	 for	 the	 insect	database	
compiled	 by	Deutsch	 et	 al.	 (2008).	 For	many	 representations	 of	
w(Tb),	the	body	temperature	that	maximizes	fitness	can	be	analyt-
ically	solved	as	a	function	of	Tb;	however,	the	use	of	a	piecewise	
function	 for	 thermal	 performance	 (e.g.,	 those	 in	 Deutsch	 et	 al.,	
2008)	 requires	 numerical	 maximization.	 The	 insect	 analysis	 of	
historic	 (the	 decade	 proceeding	 when	 the	 thermal	 performance	
curve	was	described)	and	future	(2050–2059)	temperature	distri-






3.2 | Southern rock agama data 
collection and analysis
The	southern	rock	agama	(Agama atra)	 is	a	highly	territorial,	 insec-





















standard	 deviation	 and	mean	 temperature	 using	 fixed	 effects	 linear	
models.	To	estimate	the	energetic	costs	for	A. atra	within	a	territory,	
we	 generated	 one	 thermal	 landscape	 per	 lizard	 territory	 at	 each	





described	methods	 (see	model	 analysis)	 to	numerically	estimate	 the	
cost	 function	 associated	with	 each	 landscape	 as	 the	mean	distance	
needed	to	reach	any	possible	temperature	and	predicted	performance	
both	with	and	without	behavior	at	each	time	point.
To	 predict	 the	 performance	 of	 A. atra	 in	 response	 to	 climate	
warming,	we	increased	 	to	+5°C	above	the	measured	 ,	and	eval-
uated	 performance	with	 and	without	 behavior	 for	 each	 tempera-
ture	 regime.	 As	 such,	 this	 scenario	 assumes	 that	 climate	warming	
will	 occur	 uniformly	 and	 will	 not	 affect	 the	 existing	 relationship	












for	38	species	of	 insects.	We	utilize	 the	 same	methods	presented	
by	 Vasseur	 et	 al.	 (2014)	 to	 determine	 the	 average	 long‐term	 per-
formance	 for	 a	 decade	 of	 historic	 thermal	 conditions	 (those	most	
appropriate	for	the	time	and	location	at	which	the	species	were	col-
lected)	 and	 future	 2050	 scenario	 (modeled	 using	 CGCM3.1/T47),	
modified	to	include	the	behavioral	filter	described	in	this	paper.	We	
modeled	the	cost	function	by	setting	= c0ec1(T−20),	where	c0	sets	the	













decrease	with	 increasing	 spatial	mean	 temperature	 (Figure	2	blue),	
which	is	consistent	with	previous	findings	(Huey,	1974;	Sears	et	al.,	
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2011).	In	these	instances,	the	accelerating	rate	at	which	the	benefits	
of	 thermoregulation	 accrue	 (dB2/dT2
b
)	 relative	 to	 the	 rate	 at	 which	
costs	 increase	 (dC2/dT2
b
)	 are	conducive	 to	 thermoregulatory	behav-
ior	 (Figure	 2a)	 and	 this	 behavior	 ultimately	 elevates	 performance	
(Figure	2b,c).	Driven	by	the	shape	of	the	thermal	performance	curve,	
the	benefits	of	thermoregulation	accrue	most	rapidly	when	individu-









the	 importance	 of	 behavioral	 thermoregulation	 strategies	 that	 in-
crease	body	temperature	above	 	 (e.g.,	basking;	Huey	et	al.,	2003).	
Thus,	 behavioral	 thermoregulation	 becomes	 critically	 important	 as	
climate	warming	pushes	environmental	temperatures	above	Topt and 
effective	behavioral	buffering	 in	 these	potentially	novel	 conditions	
requires	the	availability	of	thermally	suitable	microsites.
4.2 | The potential for behavioral rescue in an 
African lizard
We	apply	our	 framework	using	data	 collected	 in	 the	 laboratory	 and	
field	for	an	African	lizard,	the	southern	rock	agama	(A. atra).	We	col-
lected	 high‐resolution	 spatiotemporal	 operative	 temperature	 data	
at	 the	scale	of	 individual	 lizard	territories	 (Figures	S11	and	S12)	and	
characterized	 the	 thermal	performance	 curves	 for	 lizards	within	 this	
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population	 (see	Materials	and	Methods)	 to	 investigate	 (a)	 the	extent	
to	which	behavioral	buffering	can	ameliorate	the	detrimental	impacts	





























body	 temperatures	 during	 hot	 periods	 and	 their	 body	 temperatures	
rarely	exceed	their	critical	thermal	maximum.
4.3 | Geographic variation in the importance of 












based	on	projected	 local	environmental	 temperatures	 for	2050	 (see	
Materials	and	Methods).	Irrespective	of	the	assumptions	made	about	
the	 cost	 of	 thermoregulation,	 movement	 behavior	 was	 estimated	





dict	 the	 effects	 of	 thermal	 regimes	 on	 performance	 can	 lead	 to	
predictions	 of	 increased	 performance,	 but	 the	 extent	 of	 this	 im-
provement	is	largely	contingent	upon	the	costs	of	behavior	and	how	
such	 costs	 change	with	mean	 temperature	 (Figure	 2c;	 Figure	 S8).	
The	true	structure	of	the	cost	function	remains	largely	unresolved.	









vary	 from	negative	 to	positive	 (Figure	4;	Figure	S9).	Nevertheless,	
if	the	cost	of	thermoregulatory	behavior	increases	with	mean	tem-


















Thus,	 the	 impact	 of	 spatial	 heterogeneity	 in	 the	 thermal	 environ-
ment	is	not	equally	important	for	all	species	and	geographic	regions.
5  | DISCUSSION
Our	 framework	 indicates	 substantial	 potential	 for	 behavior	 to	miti-








mon	 in	 nature	 at	 spatial	 scales	 relevant	 for	 organisms.	 Indeed,	 this	









will	 become	 increasingly	 spatially	 heterogeneous	 as	  	 increases	
because	 the	difference	between	 refugia	and	 the	 rest	of	 the	habitat	
will	 correspondingly	 diverge.	 Likewise,	 extreme	 cold	 events	 were	


















in	 the	 laboratory	by	averaging	or	aggregating	across	multiple	 indi-
viduals,	yet	the	cost	and	benefit	functions	that	we	derive	are	based	
on	the	energetic	gains	and	losses	of	individuals.	Much	has	yet	to	be	











that	 lizards	 maintain	 tighter	 control	 over	 their	 body	 temperatures	
and	 incurred	smaller	energetic	costs	 in	habitats	with	a	greater	range,	
and	 lower	 spatial	 autocorrelation,	 of	 environmental	 temperatures.	
Furthermore,	 lizard	body	temperatures	mimicked	operative	 tempera-




lationship	between	 thermal	 spatial	heterogeneity	 (standard	deviation	









a	 straightforward	 and	 general	 approach	 for	 integrating	 behavior	
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